Series of Fe 3 O 4 /MgO(001) and Fe 3 O 4 /Fe/MgO(001) films (single-and bi-layer films, respectively) with a total layer thickness in the range of 20÷150 nm were investigated by the Rutherford backscattering spectrometry (2 MeV He + ion beam), by the Rutherford backscattering spectrometry channeling experiments (1.5 MeV He + ion beam). Depending on the layer thickness of each layer and the film geometry, a single Fe peak and/or a double-anomaly feature was revealed in the Rutherford backscattering spectra. For all films no magnesium presence in the surface layer was observed. For both single-and bi-layer films with a total layer thickness less than 60 nm only one minimum was observed in the channeling curves, while a double minimum was revealed for the bi-layer films with a larger thickness. X-ray reflectometry measurements have revealed that the film density is the same as that of the bulk one.
Introduction
Magnetite (Fe 3 O 4 ) has attracted a large attention due to its interesting electronic and magnetic properties and its high potential for technological applications. In particular, it is viewed as a promising material for the spintronic application at room temperature. Fe 3 O 4 crystallizes in the cubic inverse spinel structure with a lattice constant of a = 8.396 Å. Below the Néel temperature of 858 K, magnetite is ferrimagnetic with a net magnetic moment of 4.1 µ B per formula unit. For a review of crystal structure and thermodynamic properties of magnetite see e.g. Refs. [1, 2] . An increasing interest is recently focused on the growth and characterization of magnetite thin films, since most spintronic devices are based on thin film technology. For molecular beam epitaxial (MBE) growth of magnetite films, the MgO(001) substrate has been frequently used due to the fact that the lattice mismatch is very small (0.31%). Despite of extensive investigations, many features of magnetite films are still not fully understood. For reviews see e.g. Refs. [3, 4] . The traditional method to prepare the Fe 3 O 4 (001) film is the reactive deposition of a magnetite layer directly on a MgO(001) substrate (denoted in this work as a single-layer magnetite film or Fe 3 O 4 /MgO(001) film). Another possibility is to deposit a magnetite layer on an epitaxial Fe(001) buffer layer grown epitaxially on the MgO substrate (i.e. bi-layer magnetite film or Fe 3 O 4 /Fe/MgO(001) film). The film characterizations by low energy electron diffraction (LEED) and conversion electron Mössbauer spectroscopy (CEMS) have revealed a surface oxidation and Mg outdiffusion from MgO substrate into the film for the single-layer Fe 3 O 4 films, whereas no Mg diffusion was observed for the bi-layer ones, since it could be prevented by the Fe layer [4, 5] .
We have recently investigated the surface and interface stoichiometry and crystalline quality of both singleand bi-layer MBE magnetite films using the Rutherford backscattering spectrometry (RBS) and RBS-channeling experiments (RBS-C) [6, 7] . The RBS data obtained for the as-grown films (with a thickness of 10-20 nm) confirmed the earlier observations by LEED and CEMS, e.g. the Mg interdiffusion in the single-layer film and the existence of a stoichiometric Fe 3 O 4 layer on the surface of the bi-layer films [6] . Our RBS investigations on annealed and irradiated films have revealed that both annealing (in partial argon atmosphere up to 600
• C) and ion irradiation (by 1 MeV Ar + ion beam with an ion fluence of (570) 10 15 -10 16 ions/cm 2 ) induced a strong Fe-Mg-O mixing producing a large interface zone. However, the stoichiometric surface Fe 3 O 4 layer of the bi-layer films is well preserved upon annealing and ion irradiation. Also, the Fe buffer layer has become oxidized completely upon annealing while it still existed upon ion irradiation although its thickness was decreased [7] .
The bi-layer magnetite film seems to be a good solution to obtain a stoichiometric Fe 3 O 4 layer on the film-surface. However, the extra Fe layer would introduce a large lattice mismatch (4%) at both Fe 3 O 4 /Fe and Fe/MgO interfaces, which can degrade the crystallinity of the film, as it was indicated by the RBS-C results [6] . We note here that it would be meaningful to use an ultrathin Fe layer, since it can be strained to MgO substrate and follow the lattice template of MgO substrate and the strained Fe layer will allow Fe 3 O 4 epitaxy on it and thus the crystal quality of Fe 3 O 4 layer will be improved. However, in our previous study [6] , if the films are thin, it was impossible to separate the Fe signal of the Fe 3 O 4 film from that of the Fe layer and thus we could not judge about the quality of each film itself for the bi-layer films. In the present work, we aim to investigate in more detail the interface properties of different interfaces in single-and bi-layer magnetite films with the total layer thickness in the range of 20-150 nm. The thickness of the Fe layer is in the range of 20-50 nm allowing to distinguish not only the Fe signal from two films but also the two different interfaces in the bi-layer films (the Fe 3 O 4 /Fe and Fe/MgO interface). Besides, since our main goal is to investigate the ion-beam-mixing effect in magnetite films, such the layer thickness of different films has been chosen accordingly to the layer thickness pre-estimated using SRIM code [8] for a possible ion penetration depth (at two interfaces separately) by using 1 MeV Ar + and Kr + ion beam. In this paper we present the different features of two different types of magnetite films in the as grown state.
Experiments
The films were prepared applying the growth procedure and the LEED and CEMS characterization in a multi-chamber UHV system reported previously [4, 5] Table) and the bi-layer films (S4, S6, S7) were annealed for 30 min, respectively, at 520 K and 800 K. For underlying the annealing effect, we study two bi-layer films with similar thickness, one under post-annealing (S6) and another one (S9) without annealing (non-ann.). Besides, in order to get clear features of the Fe layer beneath the Fe 3 O 4 layer, we also study a bi-layer film with a thin Fe 3 O 4 layer (≈ 8 nm) deposited on a thick Fe buffer (≈ 50 nm, S8 non-ann.)). The RBS and RBS-C experiments were performed at the Institute of Nuclear Physics of the University Frankfurt/Main. Details of the experiment conditions for RBS and RBS-C experiments have been already reported earlier [6, 7] . For the data evaluation the computer code SIMNRA [9] was used taking into account the electronic stopping power data by Ziegler and Biersack, Chu + Yang's theory for electronic energy-loss straggling and Andersen's screening function to the Rutherford cross--section. The contribution from a double and/or multiple scattering into the RBS spectra were taken into account using the calculating facilities of SIMNRA. XRR has been also employed to determine the layer density and thickness of these films by using a Seifert two-circle diffractometer with the Seifert Reflectivity software for the data analysis.
Results and discussion
In Fig. 1 , the random RBS spectra (at a tilted angle ϕ = 40
• ) of different films revealing different features are shown: (1) Table. The RBS spectrum of single-layer magnetite film (e.g. the sample S3) is always characterized by a sharp Fe peak (around the energy of 1.5 MeV), a steep Mg edge (Mg (sub.)) and O edge (O(sub.)) from the MgO substrate (around 0.95 MeV and 0.7 MeV, respectively). Increase of the film thickness leads to an increase of the width and intensity of the Fe peak and a shift to a lower energy of both the Mg-and O-edge, but the oxygen signal from the Fe 3 O 4 film and MgO substrate is always overlapped and thus no separated O-peak can be observed in the random RBS spectrum for the single-layer films. (We note here that a separated O-peak can appear in the RBS-C spectrum [6] .) For the bi-layer films (e.g. sample S4), the presence of the Fe buffer between the Fe 3 O 4 film and the MgO substrate implies an appearance of a distinguishable O-peak (O(film)). Such the oxygen signal of the Fe 3 O 4 film becomes more pronounced with increasing the layer-thickness of either Fe film or Fe 3 O 4 film. With the increase of the thickness of both layers, a large Fe peak with a double feature related to the backscattered signal from the Fe atoms in the Fe buffer layer (the maximum, Fe(f-2)) and in the Fe 3 O 4 layer (the shoulder on the right-hand side of the maximum, Fe(f-1)) was observed (sample S6). The shoulder feature becomes more pronounced with increasing further the layer thickness of the Fe 3 O 4 layer (sample S7). The overlap of the Fe signals in the sample S4 is a quite surprising fact, since the layer-thickness value in this case is much higher than the RBS depth resolution. To check this point we conducted the SIMNRA simulation for the peak-feature dependence on the layer thickness. With the presence of the Fe layer between the Fe 3 O 4 film and MgO substrate in bi-layer films, the oxygen signal from Fe 3 O 4 film and the MgO substrate could be already separated if the magnetite layer is thicker than 8 nm (indicated by an appearance of a kink in the step-rise of the oxygen edge). However, the separation of the Fe signal would appear (indicated by a shoulder in the right hand side of the peak) only if either the magnetite layer or the Fe layer is larger than 30 nm, i.e. only when the difference of the areal density of the two layers can be large enough and thus detectable. Table) . The simulated spectra are shown by solid lines.
For all investigated films, a strong channeling effect was observed even if using the standard RBS aparatus. Namely, a large decrease of the backscattered signal for untilted samples (i.e. measured at an angle ϕ = 0
• with respect to the main crystallographic direction (001) of the films) was obtained in a comparison with that measured at e.g. tilted angle ϕ ≥ 10
• (the random RBS signal). Such a channeling effect was most visible for sample S8, a bi-layer film with a very thin Fe 3 O 4 film on a thick Fe buffer (8.4 nm Fe 3 O 4 /41.3 nm Fe/MgO(001)). In Fig. 2 , the comparison of the RBS spectra at ϕ = 40
• and ϕ = 0
• for the sample S8 is shown. An enormous reduction of the intensity of the Fe peak and Mg edge was observed at ϕ = 0 • . Moreover, an additional O-peak was appeared, as a consequence of a separation of the O-signal from the Fe 3 O 4 film from that of MgO substrate. The random RBS spectrum at the tilted angle ϕ = 40
• revealed only one single Fe peak, while that obtained at ϕ = 0
• revealed a double peak indicating a splitting of the Fe--peak from the 2 layers. The Fe peak at a high-channel and the O-peak disappear simultaneously with increasing the tilted angles. It is thus considered to originate from the Fe 3 O 4 layer. The Fe peak at the low channel is attributed to the Fe layer. The RBS analysis by SIMNRA revealed that the peak intensity and width of the high-channel Fe-peak was in a good agreement with the random RBS backscattered signal from the 8.4 nm thick Fe 3 O 4 layer. Thus the observed channeling effect for untilted sample at ϕ = 0
• is attributed to the channeling through the Fe buffer layer (and not through the Fe 3 O 4 layer). It suggested that there is a small difference in the orientation between the atomic rows in the Fe film and the Fe 3 O 4 one.
Fig. 2. Comparison between the random RBS spectra at a tilted angle ϕ = 40
• and that at ϕ = 0 • (untilted sample) for the bi-layer Fe 3 O 4 /Fe/MgO(001) film--sample S8, revealing a strong channelling effect in this sample.
For all investigated films, the simulated RBS areal density values (10 15 at./cm 2 ) were converted into the layer thickness value (nm) by using the mass density of the bulk, since the film density was found to be equal to that of the bulk from XRR measurements (see next section). The estimated values for layer thickness of the investigated films from RBS data were given in Table, in a good agreement with the nominal thicknesses (±5-10%). We note that the RBS experiments were performed about one week after the samples were exposed to air. Unlike the thin magnetite films (d = 10 nm) [6, 7] , no presence of magnesium was found in the surface layer of the Fe 3 O 4 films deposited directly on MgO substrates indicating no segregation of Mg atoms to the surface for the thick films exposed to air in a short time. However, a small amount of Mg outdiffusion was found at the interface leading to a spinel-type composition ((Fe 1−x Mg x ) 3 O 4 ) of the interface zone (with a thickness d < 5 nm and the x content is x = 5-10%). For the bi-layer films, as expected, the surface layer is a stoichiometric Fe 3 O 4 layer. However, for the samples under a post-annealing (S4, S6, S7) the RBS analysis indicated a thicker Fe 3 O 4 layer and a much thinner Fe layer in a comparison with the nominal thickness. Besides, a wustite layer was found to locate between the Fe layer and MgO substrate (d < 5 nm). Even for the sample S9 without a post-annealing, a similar estimated thickness value (as that for S6) was found, e.g. the thickness of the Fe buffer layer is only 29 nm, much smaller than the nominal thickness of 50 nm (m = 2). The thickness of the Fe buffer layer is estimated to be 41.3 nm for the sample S8 without a post-annealing, i.e. it is quite close to the nominal one. Moreover, no wustite layer was detected in this case. The larger thickness value of the Fe 3 O 4 layer and the existence of the wustite layer in samples S4-S9 suggested that the top and bottom part of the Fe layer was oxidized and thus the thickness of the pure Fe was decreased. The lack of a wustite layer in sample S8 indicated that such an oxidation rather occurred during the growth of the Fe 3 O 4 film than during the post-annealing. Despite of that fact that the existence of spinel and wustite layers was evidenced from our RBS data, it is not really practical to discuss in detail about several nm thick layers while using a standard RBS.
It is essential to investigate the film crytallinity by RBS-C experiments. The normalized angular yield curves (with respect to the maximal backscattered yield of the random spectra) for Fe in the film for selected magnetite films are shown in Fig. 3 . The minimum yield for the MgO substrate was determined to be χ min (Mg) < 5% indicating a perfect crystal quality of the MgO substrate. For the sample S2 (21.9 nm thick Fe 3 O 4 /MgO film), the minimum yield value and the full width at half maximum (FWHM) for Fe in the film are: χ min (Fe) = 18%, ψ 1/2 (Fe) = 1.86
• (Fig. 3a) . Increasing the film thickness (up to 100 nm) introduced only a small increase of the χ min (Fe)-value and a small decrease of the ψ 1/2 (Fe)--value. The results indicate that a good crystallinity of the Fe 3 O 4 film is always obtained for the single-layer magnetite films. For the bi-layer film S4, the angular yield curve (Fig. 3a) revealed only one minimum with a larger value of χ min (Fe) and a lower value of ψ 1/2 (Fe) (χ min (Fe) = 60%, ψ 1/2 (Fe) = 1.52
• ) indicating that the crystal quality is lower. For this film, the Fe 3 O 4 layer is still thin and an overlapped Fe signal from 2 layers was observed from the RBS spectra. Thus we cannot judge the quality of neither Fe 3 O 4 film nor Fe film separately. The larger value for χ min (Fe) was attributed to a large atomic disorder due to a large lattice mismatch (4%) at both Fe 3 O 4 -Fe and Fe-MgO interface. For sample S6 (and S7), the Fe 3 O 4 layer is thick enough implying a sep- aration of the Fe signal and a visible O-peak in the RBS spectra, one would expect to observe channeling effects separately from the 2 layers. Indeed, a double minimum was observed in the channeling curve (Fig. 3b) . The deep minimum (χ min (Fe) = 31%, ψ 1/2 (Fe) = 1.40
• ) at a normalized tilted angle ϕ = 0
• was considered to be as a result of channeling through the Fe 3 O 4 layer (i.e. the surface layer), while the minimum-shoulder feature located at the right hand side (χ min (Fe) = 75%) was attributed to the channeling effect of the Fe film. The angle difference between the two minima is 2 degrees indicating an orientation difference of the atomic rows between the Fe layer and the Fe 3 O 4 layer. In order to clarify this point we have performed the RBS-C experiments on the sample S8, i.e. the sample with a very thin Fe 3 O 4 layer on a thick Fe layer. Indeed, two deep minima were revealed in the channeling yield curve, shown in Fig. 3b . The wider minimum (χ min (Fe) = 60%, ψ 1/2 (Fe) = 1.11
• ) and the narrow minimum (χ min (Fe) = 55%, ψ 1/2 (Fe) = 0.64
• ) was attributed to the channeling respectively of the Fe 3 O 4 and the Fe layer. In such a case, the angle-difference between the two minima is equal to 2 degrees, confirming that the difference of the orientation of the atomic rows in the Fe layer and Fe 3 O 4 layer is 2
• . The results are summarized as following: 1) A good crystallinity is found always obtained for the single-layer films of magnetite.
2) For the bi-layer films, if a layer thickness of each layer is not large enough (d < 30 nm), the lattice mismatch at both two interfaces largely influence the channeling (leading to a much higher value of χ min (Fe) and a lower value of ψ 1/2 (Fe)). Besides, it is difficult to judge the crystallinity of each layer, due to an overlap of the Fe signals.
3) For the bi-layer films with a total thickness larger than 60 nm, it is possible to observe the channeling effect is found separately for each layer. The results indicate that the orientation difference between the atomic rows of the Fe layer and the Fe 3 O 4 layer is 2
• . 4) A good channeling effect was found for the Fe buffer indicating that this layer possesses a good atomic arrangement in the layer. However, increasing the thickness of Fe 3 O 4 layer grown on Fe buffer, the channeling effect on Fe layer becomes less visible (the Fe minimum in the films S6 is higher and less deep than that in S8).
5) A good channeling is always observed for the Fe 3 O 4 layer in the bi-layer films. For a thin Fe 3 O 4 layer, the large lattice mismatch at the Fe 3 O 4 /Fe interface would largely influence the channeling (a higher value of χ min (Fe) in S8). With increasing the Fe 3 O 4 layer thickness, a better match of atomic arrangement and a less visible mismatch at the interface would imply a better channeling (a lower value of χ min (Fe) in S6).
6) The post annealing does not influence the channeling, since there is no visible difference in the channeling between sample S6 (annealed) and S9 (non-annealed). However, the presence of wustite layer at the Fe/MgO surface may influence the channeling of the Fe layer.
We note here also that the minimum yield value for the thin bi-layer films is χ min (Fe) > 50% [6] . Thus increasing the thickness of Fe layer does not imply a further increase in χ min (Fe). The results indicate that such a high value is mainly due to the lattice mismatch at the Fe/MgO interface. The observation of two minima and the "orientation" effect in particular in sample S8 indicate that each layer possesses good atomic arrangements and that the lattice mismatch at the Fe 3 O 4 /Fe interface did not imply a chaotic atomic disorder, but rather made a change in the orientation of 2
• between the Fe atomic rows in the Fe layer and Fe 3 O 4 layer.
XRR measurements have been performed on selected single-and bi-layer magnetite films to determine the absolute values of the film thickness and film density independently of the RBS measurements. As examples, the XRR curves for the samples S3 and S8 are shown in Fig. 4 . We notice here that from the XRR measurements, the thickness, the molar density and the roughness of the top layer (d 1 , ρ 1 , r 1 ) can be estimated very accurately, while all other values might have larger errors. The error bar is, respectively, ±0.2 nm for d 1 and Table. In all cases, the film densities of the magnetite layers and Fe layers are found to be ρ(Fe 3 O 4 ) = 5.2-5.4 g/cm 3 , ρ(Fe) = 7.8-7.9 g/cm 3 , respectively. They are similar to the bulk density of magnetite (5.21 g/cm 3 ) and iron (7.87 g/cm 3 ), confirming the good film stoichiometry. The XRR results confirmed the presence of only one single layer on the MgO substrate for the directly deposited Fe 3 O 4 /MgO films and of two-layers for the bi-layer magnetite films. The wustite layers would not be revealed from the XRR measurements, since the density of such layers is very close to that of the MgO substrate. In general, a good agreement for the layer thickness was obtained between RBS and XRR.
Summary
Interface stoichiometry and crystalline quality of epitaxial single-and bi-layer magnetite films (Fe 3 O 4 /MgO(001) and Fe 3 O 4 /Fe/MgO(001) films) with a layer thickness in the range of 20-150 nm were investigated using RBS, RBS-C. In addition the XRR was employed to determine the layer thickness and density. The film densities were found to be very similar to that of the bulk, indicating a good stoichiometry of the films. No magnesium was found on the topmost (magnetite) layer. For the bi-layer films, some Fe oxidization was found during the film growth leading to an increase of the thickness of the magnetite layer. The channeling experiment indicated a good crystallinity of the single-layer magnetite films. A larger value of the minimum yield of Fe (> 50%) for the bi-layer films indicated a large influence of the lattice mismatch at the Fe/MgO interface on the channeling. A good atomic arrangement was found for both Fe and Fe 3 O 4 layer. The lattice mismatch at the Fe 3 O 4 /Fe interface would not influence the crystal quality, it is rather related to a change in the atomic orientation of 2
• between the Fe atomic rows in the Fe layer and in the Fe 3 O 4 layer.
